Melanoma is the most aggressive form of skin cancer and advanced stages are invariably resistant to conventional therapeutic agents. Using bortezomib as a prototypic proteasome inhibitor, we have identified a novel and critical role of the proteasome in the maintenance of the malignant phenotype of melanoma cells that could have direct translational implications. Thus, melanoma cells from early, intermediate, and late stages of the disease could not sustain proteasome inhibition and underwent an effective activation of caspase-dependent and -independent death programs. This effect was tumor cell selective, because under similar conditions, normal melanocytes remained viable. Intriguingly, and despite of interfering with a cellular machinery in charge of controlling the half-life of the vast majority of cellular proteins, bortezomib did not promote a generalized disruption of melanoma-associated survival factors (including NF-KB, Bcl-2, Bcl-x L , XIAP, TRAF-2, or FLIP). Instead, we identified a dramatic induction in vitro and in vivo of the BH3-only protein Noxa in melanoma cells (but not in normal melanocytes) in response to proteasome inhibition. RNA interference validated a critical role of Noxa for the cytotoxic effect of bortezomib. Notably, the proteasome-dependent regulation of Noxa was found to extend to other tumor types, and it could not be recapitulated by standard chemotherapeutic drugs. In summary, our results revealed Noxa as a new biomarker to gauge the efficacy of bortezomib specifically in tumor cells, and provide a new strategy to overcome tumor chemoresistance. (Cancer Res 2005; 65(14): 6294-304) 
Introduction
Melanoma is a prime example of a chemoresistant tumor type (1) (2) (3) (4) . Complete response rates with dacarbazine (DTIC), the only drug approved by the U.S. Food and Drug Administration (FDA) for the treatment of metastatic melanoma, rarely exceed 5% (5) . Moreover, combination cocktails of DTIC with agents aimed to kill tumor cells by alkylation, cross-linking, ribonucleotide depletion, microtubule destabilization, or topoisomerase inhibition, among many others, have failed to significantly improve long-term survival of patients with metastatic disease (6, 7) .
The rational design of improved therapeutics has been complicated by the complexity of genetic alterations acquired during melanoma progression (2) . Hyperactivation of efflux pumps, detoxification enzymes, and a multifactorial alteration of survival and apoptotic pathways have been proposed to mediate the multidrug-resistant (MDR) phenotype of melanoma cells (3, 4) . However, no factor has been consistently identified as a gold-standard marker for melanoma progression or melanoma maintenance.
Agents with pleiotropic effects that are able to interfere simultaneously with the expression (and function) of survival and apoptotic factors may offer an alternative to standard single-target drugs. In this context, the proteasome inhibitor bortezomib (Velcade, previously known as PS-341) is raising great enthusiasm as a new class of anticancer agent that is not subject to classic MDR-dependent inactivation (8, 9) . Bortezomib has a wide spectrum of action in hematologic and solid tumors, including lung, breast, prostate, pancreatic, and head and neck carcinomas (9, 10) . Based on its efficacy, the FDA has approved the use of bortezomib for the treatment of refractory multiple myeloma (11) , and several clinical trials are under way testing its therapeutic value in a variety of cancers (12, 13) .
Interestingly, intratumoral injections of bortezomib have been recently reported to reduce the localized growth of human melanoma xenografts in mice, particularly when combined with the DTIC derivative temozolomide (14) . Important questions remain as to the mechanistic basis underlying the higher sensitivity of melanoma cells than normal melanocytes to bortezomib. In fact, the proteasome controls the half-life of the vast majority of cellular proteins (15) , and it has been rather puzzling that proteasome inhibitors such as bortezomib can be clinically effective while displaying an acceptable safety profile. Thus, although bortezomib is generally considered a potent inducer of cell death, the mechanism(s) underlying its tumor cell selectivity is poorly understood (even in tumor types where bortezomib is being tested in clinical settings; ref. 9) . Up-regulation of proapoptotic factors such as Bax (16) and down-regulation of the antiapoptotic proteins Bcl-2, Bcl-x L , XIAP, and FLIP, in part through the inactivation of the nuclear factor-nB (NF-nB) pathway, have been proposed as frequent facilitators of cell death in bortezomib-treated tumor cells (17) (18) (19) (20) (21) (22) . However, whether these changes in expression are cause or consequence of the death process and whether they are general mediators of the cytotoxic effect of bortezomib is unclear (9) .
Here we report on a comprehensive analysis of the effect of bortezomib on the apoptotic machinery of normal melanocytes and a panel of 23 melanoma lines. Standard chemotherapeutic agents with different cellular targets (Adriamycin and cisplatin) were analyzed in parallel to reveal events that may be uniquely activated by bortezomib in tumor cells. We identify a novel mechanism of action of bortezomib in melanoma and other tumor cells that depends on the induction of the proapoptotic protein Noxa. This work is an important step in understanding how melanoma chemoresistance can be overcome by blocking protective signals dependent on the proteasome that maintain the apoptotic machinery of melanoma cells in a dormant state.
Materials and Methods
Cells. Normal melanocytes were isolated from neonatal foreskins as reported elsewhere (23 Reagents. Bortezomib (Velcade, formerly PS-341) was obtained from Millennium Pharmaceuticals (Cambridge, MA). For analyses of cell death and cell cycle in tissue culture systems, bortezomib was reconstituted in DMSO at a concentration of 0.1 mmol/L; for studies in vivo, it was prepared in a 0.85% (w/v) sterile saline solution. Adriamycin (doxorubicin) and cisplatin were obtained from Sigma Chemical (St Louis, MO).
Cell viability assays. The percentage of death cells at the indicated times and drug concentrations was estimated by standard trypan blue exclusion or 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazolium bromide assays as described elsewhere (25) . For simplicity, control samples, which were incubated only with solvent (0.05-0.1% DMSO), are indicated as nontreated. Analysis of chromatin condensation and cellular ultrastructure by electron microscopy are indicated in the Supplementary Information.
Cell cycle analyses. Normal melanocytes or melanoma cells (5 Â 10 5 ) were treated with bortezomib (50 nmol/L) or vehicle control. Cell cycle analyses were conducted after a 2-hour incubation of cells in labeling solution (50 Ag/mL of propidium iodide (PI; Sigma Chemical), in PBS containing 0.2% Triton and 10 Ag/mL RNase A. PI fluorescence was measured using a FACSCalibur. Cell cycle distribution was determined with a Cell Quest software (Becton Dickinson, San Jose, CA).
Protein immunoblots. To determine changes in protein levels, 2 Â 10 6 cells were treated with Adriamycin (0.5 Ag/mL), bortezomib (50 nmol/L), or cisplatin (30 Ag/mL) and harvested at the indicated time points. Total cell lysates were subjected to electrophoresis in 12%, 15%, or 4% to 15% gradient SDS gels under reducing conditions, and subsequently transferred to Immobilon-P membranes (Millipore, Bedford, MA). Protein bands were detected by enhanced chemiluminescence system (see Supplementary Information for a list of the antibodies used in this study). Cytosolic and membrane-rich fractions were prepared by digitonin extraction essentially as previously described (26) . Cytosolic fractions (100 Ag) and 25 Ag of mitochondrial fractions were used to visualize Cyt c, Smac, HtrA2, and AIF release by Western blotting. Control antibodies were COX IV for the mitochondrial fraction and h-actin for the cytosolic fraction. (preferentially cleaved by Casp-9, Casp-5, and related cystein proteases), Ac-IETD (as a preferred substrate of Casp-8, Casp-6), or Ac-DEVD (preferentially cleaved by Casp-3, Casp-7, and related caspases). Proteolytic release of AFC was monitored as indicated by the provider (Biomol Research, Plymouth Meeting, PA) at a k exc = 400 nm and k em = 505 nm using a CytoFluor Multiwell Plate Reader Series 4000 (Applied Biosystems, Framingham, MA). Signal was expressed as arbitrary fluorescent units (AFU)/min. Experiments were done in triplicate.
Stable RNA interference. To down-regulate the expression of Noxa by RNA interference (RNAi), oligonucleotides allowing for the generation of 19-bp short hairpin RNAs (shRNA) were designed following indications by the OligoRetriever Database (http://katahdin.cshl.org:9331/RNAi_web/scripts/ main2.pl). BLAST search was done to ensure at least 4-nucleotide (nt) differences with annotated human genes. The corresponding oligonucleotides were annealed and cloned under the control of the H1 promoter into a self-inactivating lentiviral vector (27) . The vector was also designed to carry the green fluorescent protein reporter gene under control of the human ubiquitin-C promoter to monitor infection efficiency. Lentiviral infections were done essentially as described elsewhere (27) and the potency and specificity of each construct was determined by protein immunoblotting (see text). The constructs generated were as follows: Noxa (1), nt 1177 to 1195 and Noxa (2), nt 295 to 313. Scrambled oligonucleotides were also designed to generate control shRNA. Cloning strategies and primer sequences are available from the authors on request.
Quantitative real-time PCR. Total RNA from cultured cells was obtained by using the RNeasy Mini Kit (Qiagen, Inc., Chatsworth, CA). Total RNA (0.5 Ag) was reverse-transcribed using the Superscript III reverse transcription kit (Invitrogen, Carlsbad, CA). Relative mRNA levels of Noxa and the housekeeping gene b-actin were determined by reverse transcription-PCR (RT-PCR) using a LightCycler DNA Master SYBR Green I kit (Roche Diagnostics GmbH, Mannheim, Germany) and an automated PCR station (BioMek 2000, Beckman-Coulter, Miami, FL). Typical amplification reactions (15 AL) contained 2.5 mmol/L MgCl 2 , 0.6 Amol/L of a primer mix, 1.5 AL of SYBR Green Mix, and one tenth of the reverse transcription reaction. A 7700 Sequence Detector (Applied Biosystems) was programmed for an initial step of 5 minutes at 95jC followed by 35 cycles of 30 seconds at 95jC, 30 seconds at 60jC, and 30 seconds at 72jC. The oligonucleotides used as specific primers for Noxa were 5V-ATGAATG-CACCTTCACATTCCTCT (sense) and 5V-TCCAGCAGAGCTGGAAGTC-GAGTGT (antisense). Fluorescence was automatically monitored during every PCR cycle and during the post-PCR temperature ramp. For each sample, RNA content was normalized to b-actin. Fluorescence values were expressed with respect to the basal expression of nontreated normal melanocytes. The specificity of PCR amplification of each primer pair was confirmed by analyzing PCR products by agarose gel electrophoresis and by melting curve analysis.
Melanoma growth in vivo (mouse xenografts). Female athymic nude mice (Taconic Farms, Germantown, NY) were kept in pathogen-free conditions and used at 8 to 12 weeks of age. Animal care was provided in accordance with the procedures outlined in the Guide for the Care and Use of Laboratory Animals of the University of Michigan. To analyze localized growth of melanoma cells in vivo, 0.5 Â 10 6 melanoma cells were injected s.c. in both rear flanks (n = 10 tumors per experimental condition). Treatment was initiated 48 hours after tumor implantation. Bortezomib was given systemically by i.p. injection (1.0-1.3 mg/kg) in a rotating 2-day schedule. Similar results were obtained for treatments done via i.v. administration (data not shown). Animals were weighed every 2 days to ensure maintenance of total weight within 80% of control populations. Tumor volume was estimated as V = L Â W 2 / 2, where L and W stand for tumor length and width, respectively. Tumors were collected at day 17 postinjection and snap frozen; 0.4-Am sections were prepared for histologic analyses to guide with manual microdissection (to restrict tissue specimens to areas with >70% tumor cellularity) for subsequent protein isolation.
Statistics. Statistical analysis of tumor growth in vivo was done using the Statistical Package of the Social Sciences (SPSS) version 11.5 for Windows. Nonparametric Mann-Whitney U test was used for two-group comparisons. Two-tailed P < 0.05 was considered statistically significant. 
Results
Higher efficacy and selectivity of bortezomib than standard chemotherapeutic drugs Adriamycin and cisplatin. To begin to address the efficacy of bortezomib, changes in cell viability were analyzed in three independent populations of normal human skin melanocytes and 16 well-characterized cell lines isolated from early (radial growth phase), intermediate (vertical growth phase), and late stages of the disease (metastasis; refs. [24] [25] [26] [27] [28] . Adriamycin, a DNA-damaging agent known for its poor efficacy against melanoma (29) , was also compared in parallel to identify mechanistic aspects of bortezomib that are not shared by standard chemotherapeutic agents. Drug concentrations were selected to maintain death rates of melanocytes below 30%.
Adriamycin was able to kill the ''early-stage'' radial growth phase cells, but most vertical growth phase and metastatic lines were resistant (see relative death rates in Fig. 1A and dose-response curves for representative examples of metastatic lines in Fig. 1B, left) . In contrast, all lines died after bortezomib treatment ( Fig. 1A-B ). These include aggressive lines such as, for example, lines 9 and 10, expressing low levels of Apaf-1 and high levels of antiapoptotic factors such as Bcl-2, Bcl-x L , Mcl-1, or Survivin (see Supplementary Table 1) . Similarly, melanoma-associated mutations in p53, Ras, B-Raf, or the INK4a/ARF locus did not compromise the response to bortezomib ( Fig. 1A ; Supplementary Table S1 ). The tumor cell-selective effect of bortezomib was illustrated by a death rate below 30% of normal melanocytes (even at doses of 100 nmol/L, 10 times the EC 50 for melanoma cells; Fig. 1B, middle) . Interestingly, analysis of cell cycle progression by standard flow cytometry assays indicated that melanocytes did in fact respond to bortezomib and stop proliferating at the G 2 -M phases of the cycle (Fig. 1C, left) . However, whereas normal melanocytes and remained viable, melanoma cells seemed to have fragmented DNA (measured as a sub-G 0 population; Fig. 1C) .
We next determined the relative efficacy of bortezomib with respect to more effective inducers of melanoma cell death. The melanoma lines used in this study are highly resistant to DTIC (>600 Ag/mL); therefore, we focused on cisplatin as an example of a drug frequently used in melanoma clinical trials (30) (31) . As indicated in Fig. 1B (right) , cisplatin was able to kill both Adriamycin-sensitive and -resistant lines, but in contrast to bortezomib, it was highly toxic for normal melanocytes and hence not selective.
Activation of extrinsic and intrinsic apoptotic pathways by bortezomib. 4V,6-Diamidino-2-phenylindole (DAPI) staining and electron microscopy revealed classic apoptotic hallmarks in bortezomib-treated melanoma cells (such as chromatin condensation, membrane blebbing, and maintenance of the integrity of cellular membranes; see Supplementary Fig. S1 ). Therefore, we focused on apoptotic pathways to address the mechanism of action of bortezomib and to determine quantitative and/or qualitative differences with Adriamycin and cisplatin.
Caspase processing and activation were assessed in five representative cell lines. Metastatic lines 3 and 5 are sensitive to DNA-damaging agents and process regulatory (Casp-9 and Casp-8) and effector caspases (Casp-3 and Casp-7) after Adriamycin treatment (Fig. 2A) . The vertical growth phase line V4 and the metastatic lines 9 and 10 are more resistant to Adriamycin, and as previously described (24) have an impaired caspase activity (see Fig. 2A ). Interestingly, all lines cleaved regulatory and effector caspases in response to bortezomib ( Fig. 2A) . Standard fluorescence-based proteolytic assays indicated that caspases processed in response to bortezomib were in fact functional (Fig. 2B) . The response to cisplatin, however, was more heterogeneous. Thus, cisplatin-induced cell death did not Figure 2 . Apoptotic features of bortezomib-induced cell death. A, comparative ability of Adriamycin (A , 0.5 Ag/mL), bortezomib (Bor, 50 nmol/L), and cisplatin (C , 30 Ag/mL) to process apoptotic caspases. Total cell lysates were separated in a 15% PAGE-gel and probed for the indicated antibodies. NT stands for control cell populations incubated just in the presence of solvent (0.05% DMSO). B, analysis of caspase activation at 20 and 36 hours after treatment using caspase fluorogenic substrates (Ac-LEHD-AFC, Ac-IETD-AFC, and Ac-DEVD-AFC, respectively) in digitonin-fractionated cytosolic extracts. C, higher potency of bortezomib than Adriamycin or cisplatin to promote release of the indicated death inducers from the mitochondria. The immunoblots correspond to cytosolic extracts prepared as in (B ). COX IV, an inner mitochondrial membrane protein was used as a control for the absence of contamination of mitochondrial proteins in the cytosolic extracts.
necessarily correlate with caspase processing. Note for example an 80% killing with a barely detectable processing of Casp-9, Casp-8, and Casp-3 in cisplatin-treated lines 3 or 10 ( Fig. 2A, lanes 4  and 16) , respectively).
In summary, Adriamycin, cisplatin, and bortezomib differed in their ability to activate apoptotic caspases. Moreover, cellular fractionation studies showed a higher efficacy of bortezomib than Adriamycin or cisplatin to promote the release Cyt c and Smac from the mitochondria to the cytosol (Fig. 2C) . In addition, bortezomib promoted the release of the mitochondrial proteins HtrA2 and AIF (Fig. 2C ). HtrA2 and AIF in turn, could further favor the activation of caspase-independent death pathways (32), which may be important contributors to the cytotoxic effect of bortezomib because the pan-caspase inhibitor zVAD-fmk reduces but cannot completely abrogate cell killing by this proteasome inhibitor (see Supplementary Fig. S2) .
Changes in the levels of apoptotic factors frequently associated with the nuclear factor-KB pathway do not precede Cyt c release nor caspase activation. Time courses were done to monitor the release of death inducers from the mitochondria and identify early events involved in the activation of apoptotic pathways. To this end, enriched cytosolic and membrane-enriched fractions were prepared from control untreated and bortezomibtreated cells and changes in protein expression were determined as a function of time (see Fig. 3 for representative examples of metastatic melanoma lines 3 and 9). Using this strategy, the release of Cyt c, Smac, and HtrA2 was detectable 12 to 18 hours after treatment (Fig. 3A) . A series of candidate proteins were then analyzed to identify those whose expression was affected before 12 to 18 hours upon bortezomib treatment. According to other systems, expected results were to find a down-regulation of antiapoptotic factors such as Bcl-x L , Bcl-2, FLIP, XIAP, cIAP1, cIAP2, or TRAF-2 before Cyt c release. However, as shown in Fig. 3C , that was not the case in melanoma cells. In fact, XIAP, cIAP1, cIAP2, or TRAF-2 were processed after caspases became activated ( Fig. 3C; results not  shown) . Moreover, Cyt c release proceeded despite a massive upregulation of the antiapoptotic Mcl-1, which in other systems has to be down-regulated to allow for the induction of apoptotic cell death (33) .
Inhibition of the NF-nB has also been shown to favor bortezomib-induced caspase in some, although not all, tumor types (9, 10). Reporter plasmids containing canonical NF-nB binding sites showed no significant inhibition of the intrinsic basal transcriptional activity of NF-nB by bortezomib in the melanoma cells tested in this study (see Supplementary Fig. S3 ). Consistent with these results, the total amount of InB, a NF-nB inhibitor, did not significantly change during bortezomib treatment (Fig. 3C) . Proteasome inhibition however could in fact block the exogenous activation of NF-nB (e.g., by tumor necrosis factor-a, TNF-a; see Supplementary Fig. S3 ).
With respect to proapoptotic factors, no consistent upregulation was found for Bax or Bak by bortezomib (Fig. 3C) . Moreover, cell death was not favored by an increase of Apaf-1 levels; in fact, this protein was cleaved during treatment (Fig. 3C) . Bim was found to be induced by bortezomib (Fig. 3C) . However, this protein was also up-regulated by bortezomib in normal melanocytes, which remained viable (see Supplementary Fig. S4 ).
An alternative mechanism that could account for Cyt c is the activation of the death receptor pathway via Casp-8-mediated Bid cleavage (34) . However, Bid processing was detected substantially after the release of Cyt c (Fig. 3A and C) . Therefore, it is also unlikely that Bid is an initial trigger of mitochondrial dysfunction in bortezomib-induced melanoma death.
In summary, bortezomib-mediated release of mitochondrial death inducers is not preceded in melanoma cells by a significant cleavage of Bid nor a NF-nB-dependent down-regulation of Bcl-2, Bcl-x L , XIAP, FLIP, or TRAF-2, all previously associated with melanoma chemoresistance (3, 24) .
Stress-associated signals are not early drivers of the selectivity of bortezomib towards melanoma cells. A regulated release of Cyt c can be also be favored by the activation of a series of stress-related signals that can be controlled by the proteasome. These include the unfolded protein response (UPR) at the endoplasmic reticulum and the induction of stress kinases such as p38 and c-jun NH 2 -terminal kinase (JNK; ref. 10). In melanoma cells, the classic UPR proapoptotic factor CHOP and the chaperone Grp-78 can be induced by bortezomib (Fig. 4A) . However, the upregulation of CHOP was found also in normal melanocytes, and did not correlate with the extent of cell death. The induction of Grp-78 was detectable at late time points after bortezomib treatment (Fig. 4A) . Similarly, melanoma cells are not dependent on JNK or p38 function to respond to bortezomib by inducing apoptosis. Pharmacologic inhibitors of p38 (PD-169316, SB-220025, SB-239063, and SC-68376) and JNK kinases (SP-600125, D-JNK peptide inhibitor 1, or L-JNK peptide inhibitor 1) were unable to protect melanoma cells from bortezomib's killing. Moreover, these inhibitors increased the toxicity of bortezomib on normal melanocytes.
Novel mode of action of bortezomib. Tumor cell-selective activation of Noxa. The proteasome controls the half-life of 80% of cellular proteins. To guide in the identification of key factors induced in response to proteasome inhibition, a comparative analysis of cell cycle and apoptotic inducers was done to identify changes in gene expression showing a maximal difference between normal melanocytes and melanoma cells. 6 From this study, the BH3-only Noxa was identified as the strongest candidate to mediate the tumor-selective effect of bortezomib. Thus, total cell extracts of untreated and bortezomib-treated melanoma cells showed a dramatic up-regulation of Noxa protein (>50-fold). This induction was observed as early as 3 to 6 hours after bortezomib treatment (see Fig. 4A for representative example of lines 3 and 9) and before the mitochondrial membrane potential of melanoma cells was affected (data not shown). More importantly, the up-regulation of Noxa was restricted to tumor cells, for it remained undetectable in normal melanocytes. Melanocytes however did accumulate ubiquitinated proteins, as well as other classic proteasome targets such as Hsp70, Mcl-1, and p53, at similar rates than melanoma cells ( Fig. 4A ; Supplementary  Fig. S4 ).
To determine whether induction of Noxa by bortezomib is a general event in melanoma cells, a total of 16 metastatic melanoma lines independently isolated and with different genetic backgrounds (24, 35) were analyzed. As shown in Supplementary Fig. S5 , 15 of these 16 lines accumulated Noxa at early time points after treatment. Intriguingly, despite Noxa being reported as a p53 target (36, 37) , the accumulation of Noxa by bortezomib is likely p53-independent because it was also observed in melanoma lines such as line 4 (SK-Mel-28), expressing the inactive R273H p53 mutant. Defects in the p53 regulator p14
ARF (e.g., lines 10, 15, or 17) did not compromise Noxa up-regulation (see Supplementary Fig. S5 ). Of note, Noxa has been described as able to promote the release of Cyt c without inducing large-range swelling of isolated mitochondria (38) , and p53-independent induction of Noxa has been previously reported in melanoma cells (39) .
Drug-selective activation of Noxa by bortezomib. Parallel treatments of melanoma lines 3 and 9 with Adriamycin, cisplatin, and bortezomib showed a drastic difference in the effect on these different drugs on Noxa expression. Compare for example the 2-to 3-fold induction of Noxa by Adriamycin or cisplatin (visualized after long exposures of protein immunoblots) with >75-fold induction by bortezomib (Fig. 4B) . Supporting a p53-independent regulation of Noxa in melanoma cells, the levels of Noxa and p53 showed no directly correlation. As shown in Fig. 4B , the accumulation of p53 was higher in lines treated with Adriamycin and cisplatin than with bortezomib.
Transcriptional up-regulation of Noxa by bortezomib. The accumulation of Noxa by bortezomib could be a simple response of blockage of protein degradation or involve activation of gene expression. To this end, quantitative RT-PCR (see Materials and Methods) was done in normal melanocytes and melanoma lines 3 and 9, at time t = 0, 1, 3, 6, 12, and 24 hours after bortezomib treatment. b-actin was used as control housekeeping gene whose expression is not modulated by bortezomib (see Fig. 3A ). As shown in Fig. 5A , the intrinsic levels of Noxa mRNA in melanoma cells (t = 0 hour) were found to be 2-to 6-fold higher than in normal melanocytes, with the highest expression in the most sensitive line 9. Bortezomib treatment induced a further accumulation of Noxa mRNA more effectively in the tumor cells than normal melanocytes. For example, whereas at 12 hours posttreatment a 4-fold increase of mRNA levels was detected in normal melanocytes, melanoma lines 3 and 9 expressed 42-and 57-fold higher Noxa mRNA than the untreated normal controls (Fig. 5A) . Therefore, the tumor-selective up-regulation of Noxa may rely on higher endogenous mRNA levels in melanoma cells than normal melanocytes, further augmented during treatment by new mRNA and protein synthesis.
RNA interference validated a critical role of Noxa for the cytotoxic effect of bortezomib. Given the effect of bortezomib on Noxa mRNA levels, short hairpin interfering RNA constructs (shRNA) were stably expressed into melanoma cells by means of lentiviral vectors to block the induction of Noxa and to establish its requirement for bortezomib's toxicity. Two independent shRNA mapping in the 3V untranslated region and coding sequence of Noxa, herein referred as Noxa (1) and Noxa (2), were found to significantly knockdown Noxa protein up-regulation by bortezomib (98% and 72%, respectively). The levels of other Bcl-2 family members such as Bcl-2 or Bcl-x L were not affected by Noxa shRNA expression (Fig. 5B) . Both constructs compromised the efficacy of bortezomib, delaying its kinetics (data not shown) and decreasing the sensitivity to this proteasome inhibitor (Fig. 5C ). For example, note a 50% reduction in the amount of cell death of Noxa-defective line 9 at 25 or 50 nmol/L bortezomib (Fig. 5C ). Similar inhibitory effects were found in lines 3 and 10 (data not shown). Therefore, these results confirmed a critical role of Noxa as an early inducer of the cytotoxic effect of bortezomib in melanoma cells.
Bortezomib-mediated up-regulation of Noxa in vivo. Altogether, our results support Noxa expression as a surrogate to address early events driven by bortezomib in melanoma cells. To confirm this hypothesis, the activation of Noxa was analyzed in vivo, by monitoring changes in gene expression in melanoma cells grown as mouse xenografts. Of the panel of cell lines shown in Fig. 1 , lines 9 and 10 were chosen on the basis of displaying the most aggressive growth after s.c. implantation in immunosuppressed mice (data not shown). Bortezomib has been recently shown to block melanoma growth in mice when injected peritumorally (14) . To better recapitulate administration routes used in the clinic, mice were treated systemically with bortezomib or placebo control as indicated in Materials and Methods. Although bortezomib will have to be potentiated with additional chemotherapeutic agents, it noticeably reduced tumor growth (see Fig. 6A, a-b; Supplementary Fig. S6 ). Histologic evaluation of (Fig 6A, c-f ) showed a noticeable reduction of mitotic figures and changes in the tumor architecture (with increased fibrotic areas and tumor cell collapse). More importantly, protein extracts prepared from the tumor xenografts revealed a clear induction of Noxa by bortezomib in vivo (Fig. 6B) . Therefore, our results provide the proof of concept for the use of Noxa as biomarker to address proteasome inhibition in tumor cells.
The activation of Noxa by bortezomib is not exclusive to melanoma cells. To determine whether the induction of bortezomib could be generalized to other tumor types, Jurkat, MDA-MB-231, and H460 were chosen as examples of tumor lines of different cellular origin (T-cell leukemia, breast cancer, and nonsmall cell lung cancer, respectively). As shown in Fig. 7 , Noxa was accumulated in all these cell lines, particularly in MDA-MB-231 cells. Further emphasizing a p53-independent regulation of Noxa by bortezomib, Jurkat and MDA-MB-231 are deficient for p53 (see Fig. 7 ). Therefore, Noxa represents the first tumor-selective proapoptotic inducer found activated by bortezomib but not by conventional chemotherapeutic agents and involved in the response to this proteasome inhibitor in different tumor types, including those expressing p53 mutations.
Discussion
Here we describe a new role of the proteasome in the maintenance of the malignant phenotype of melanoma cells. Using bortezomib as the ''first-in-class'' proteasome inhibitor in clinical trials (9), we show an unanticipated dependence of human melanoma cells on the proteasome to block the expression of BH3-only protein Noxa and to prevent the spontaneous activation of apoptosis. Importantly, this dependence is highly restricted to tumor cells, providing a window for therapeutic intervention. The fact that Noxa could not be up-regulated by Adriamycin or cisplatin emphasizes a mechanism of action of bortezomib that is quantitatively and qualitatively different from standard chemotherapeutic agents, which are notoriously ineffective in melanoma.
Unexpected mechanism underlying the efficacy and selectivity of bortezomib. The proteasome controls the half-life of the vast majority of cellular proteins. Therefore, identifying the main drivers of bortezomib's toxicity within a myriad of inconsequential byproducts of proteasome inhibition has been a major challenge in all tumor types where this drug has been tested (9, 10) . Consequently, it is not surprising that gold-standard markers of early events induced by bortezomib in a tumor-selective manner have remained elusive (9) .
Perhaps one of the most intriguing results of this study is that bortezomib was able to promote an effective release of Cyt c and other mitochondrial death inducers without down-regulating protective signals dependent on Bcl-2, Bcl-x L , XIAP, TRAF-2, or FLIP, frequently associated with melanoma chemoresistance. Therefore, and in contrast to multiple myeloma, lymphoma, Hodgkin disease, or pancreatic or lung cancer cells (18, 19, (40) (41) (42) , our data is not consistent with a proteasome/InBdependent regulation of the above indicated antiapoptotic factors. In addition, reporter plasmids containing canonical NF-nB binding sites indicated that although bortezomib was able to block exogenous activation for example by TNF-a, its effects on the basal transcriptional activity of NF-nB were not statistically significant. It should be noted that our functional analyses of NF-nB activation ( Supplementary Fig. S3 ) are compatible with those of Amiri et al. (2) . The indicated cell populations were treated with 50 nmol/L bortezomib and total cell extracts were collected 24 hours after treatment and the expression of Noxa was determined by immunoblotting. Bcl-2 and Bcl-x L are shown as controls for unspecific effects of the lentiviral vectors. C, dose-response curves determined 24 hours after treatment showing a significant reduction in the sensitivity to bortezomib by the RNAi against Noxa. The amount of cell death (%) was quantified by trypan blue exclusion. (14) . These authors found a limited effect of bortezomib on the intrinsic levels of the NF-nB targets such as CXCL8 or MDR-1, but a compensatory effect upon Temozolomide treatment. Our results however do not support the hypothesis of caspase activation driven by the down-regulation of antiapoptotic factors controlled by NF-nB.
In addition, a comprehensive analysis of the effect of bortezomib the dissipation of the mitochondrial membrane permeability, induction of JNK-and p38-dependent stress pathways did not support these events as initiating or rate-limiting drivers of the selective effect of bortezomib. In marked contrast, Noxa was identified for the fist time as an early gene specifically restricted to tumor cells and whose inactivation by RNAi significantly affected the kinetics and dose-response of bortezomib.
The apoptotic machinery in melanoma cells: kept in a dormant state? Melanoma has been invariably linked to defective apoptotic pathways and multidrug resistance (4) . However, the similar sensitivities shown here for bortezomib on a large panel of cell lines independently isolated from early, intermediate, and late stages of the disease, clearly indicate that despite multiple genetic and epigenetic defects accumulated during tumor progression, melanoma cells still retain the core machinery to engage the activation of the apoptotic caspases. An important corollary of this study is that neither high levels of antiapopotic Bcl-2 family members, nor classic melanoma-associated mutations in N-Ras, B-Raf, p53, and the INK4a/ARF locus, as well as increased levels of Survivin (see Supplementary Table S1 ) can prevent melanoma cell death if the proteasome is blocked. Similarly, although low Apaf-1 levels can compromise the response of melanoma cells to Adriamycin (24, 43) , Paclitaxel (44) , and high doses of etoposide (45) , this is not the case for bortezomib. Because none of the lines in this study is completely deficient for Apaf-1 (see Table 1 and ref. 24) , it is conceivable that the high levels of cytosolic Cyt c and Smac released by bortezomib in response to Noxa compensate for reduced Apaf-1 expression and/or high levels of antiapoptotic signals that may prevent caspase activation (e.g., high levels of XIAP or Ml-IAP). The release of AIF and of HtrA2 from the mitochondria could further contribute to caspase-independent death events, particularly if caspases are inactivated ( Supplementary Fig. S2 ). It should be noted that cisplatin can also bypass low Apaf-1 expression (e.g., in lines 9 or 10). Nevertheless, at the doses required to activate the death machinery, cisplatin is also toxic for normal melanocytes and thus not selective.
At face value, the dramatic up-regulation of Noxa in response to proteasome inhibition, and the subsequent release of proapoptotic factors from the mitochondria underscore a critical role of the proteasome in maintaining apoptotic programs in a latent or suppressed state. In this context, melanoma cells may be more dependent on proteasomal degradation than normal melanocytes because they need to repress their intrinsically high levels of Noxa mRNA. It could be argued that oncogenic transformation drives the activation of a proteasome-controlled transcription factor able to transactivate Noxa and/or stabilize its mRNA. In keeping with this view, and as described for proapoptotic functions of c-Myc or E2F-1 (46) , the accumulation of Noxa as a ''byproduct'' of tumor development may serve as the Achilles' heel for the selective destruction of malignant cells.
Noxa as a biomarker of proteasome inhibition. Given the pleiotropic nature of the proteasome, it would not be expected that Noxa is the sole initiator of the cytotoxic effect of bortezomib. Thus, we have shown both by flow cytometry in cultured cells and by histologic analyses in tissue specimens, that bortezomib can effectively interfere with cell cycle progression. Still, and precisely because the large fraction of proteins that could have been affected by this inhibitor, a 50% reduction in cell death observed by RNAi against a single gene (Noxa) is highly significant. Moreover, our results could have potential clinical implications. As indicated before, bortezomib is being actively tested in clinical trials against multiple tumor types, but no marker has been consistently identified to address drug efficacy specifically in tumor cells. Here we showed a generalized accumulation of Noxa in 15 of 16 metastatic melanoma lines tested, as well as in cell lines from T-cell leukemia, breast, and non-small cell lung cancer (Jurkat, MDA-MB-321, and H460, respectively). Therefore, based on the dramatic difference in expression between tumor and normal cells (>50-fold induction), we propose Noxa as a novel biomarker to address proteasome inhibition specifically in tumor cells. In addition, we have shown the induction of Noxa in archived frozen specimens from tumor xenografts treated in vivo. Therefore, the possibility of analyzing Noxa by immunologic approaches may facilitate a systematic analysis of tumor-specific proteasome inhibition on biopsies collected pretreatment and posttreatment. Furthermore, the fact that Noxa can be up-regulated in p53 mutant lines [e.g., SK-Mel-28 (here referred as melanoma 4), Jurkat, or MDA-MB-231] support the use of this BH3-only protein as a surrogate for proteasome inhibition even in p53-defective tumor types.
In summary, this study has revealed a novel mechanism to activate the latent apoptotic machinery of melanoma cells that cannot be recapitulated by Adriamycin and cisplatin, as examples of two drugs with different modes of action. Moreover, bortezomib has served as powerful experimental tool to address the interplay between the proteasome and proapoptotic and antiapoptotic factors acting upstream, downstream and at the level of the mitochondria. Our results identify Noxa as a new marker to assess the effect of bortezomib in vitro and in vivo and provide the basis for the rational design of novel therapeutics to overcome tumor chemoresistance by exploiting intrinsic differences in the requirement of the proteasome for the maintenance of the viability of normal and tumor cells.
